GABA A -mediated IPSCs typically decay more rapidly than receptors in excised patches in response to brief pulses of applied GABA. We have investigated the source of this discrepancy in CA1 pyramidal neurons. IPSCs in these cells decayed rapidly, with a weighted time constant Decay of ϳ18 msec (24°C), whereas excised and nucleated patch responses to brief pulses of GABA (2 msec, 1 mM) decayed more than three times as slowly ( Decay , ϳ63 msec). This discrepancy was not caused by differences between synaptic and exogenous transmitter transients because (1) there was no dependence of Decay on pulse duration for pulses of 0.6-4 msec, (2) responses to GABA at concentrations as low as 10 M were still slower to decay ( Decay , ϳ41 msec) than IPSCs, and (3) responses of excised patches to synaptically released GABA had decay times similar to brief pulse responses. These data indicate that the receptors mediating synaptic versus brief pulse responses have different intrinsic properties. However, synaptic receptors were not altered by the patch excision process, because fast, spontaneous IPSCs could still be recorded in nucleated patches. Elevated calcium selectively modulated patch responses to GABA pulses, with no effect on IPSCs recorded in nucleated patches, demonstrating the presence of two receptor populations that are differentially regulated by intracellular second messengers. We conclude that two receptor populations with distinct kinetics coexist in CA1 pyramidal cells: slow extrasynaptic receptors that dominate the responses of excised patches to exogenous GABA applications and fast synaptic receptors that generate rapid IPSCs.
GABA A -mediated IPSCs typically decay more rapidly than receptors in excised patches in response to brief pulses of applied GABA. We have investigated the source of this discrepancy in CA1 pyramidal neurons. IPSCs in these cells decayed rapidly, with a weighted time constant Decay of ϳ18 msec (24°C), whereas excised and nucleated patch responses to brief pulses of GABA (2 msec, 1 mM) decayed more than three times as slowly ( Decay , ϳ63 msec). This discrepancy was not caused by differences between synaptic and exogenous transmitter transients because (1) there was no dependence of Decay on pulse duration for pulses of 0.6-4 msec, (2) responses to GABA at concentrations as low as 10 M were still slower to decay ( Decay , ϳ41 msec) than IPSCs, and (3) responses of excised patches to synaptically released GABA had decay times similar to brief pulse responses. These data indicate that the receptors mediating synaptic versus brief pulse responses have different intrinsic properties. However, synaptic receptors were not altered by the patch excision process, because fast, spontaneous IPSCs could still be recorded in nucleated patches. Elevated calcium selectively modulated patch responses to GABA pulses, with no effect on IPSCs recorded in nucleated patches, demonstrating the presence of two receptor populations that are differentially regulated by intracellular second messengers. We conclude that two receptor populations with distinct kinetics coexist in CA1 pyramidal cells: slow extrasynaptic receptors that dominate the responses of excised patches to exogenous GABA applications and fast synaptic receptors that generate rapid IPSCs.
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The time course of synaptic transmission at synapses that use "fast" ligand-gated ion channels is determined primarily by the kinetics of the receptor/ionophore in response to a brief, high concentration of neurotransmitter (Clements et al., 1992; Maconochie et al., 1994; Jones and Westbrook, 1995; Legendre, 1998 ; but see, Frerking and Wilson, 1996) . For glutamate receptors, the currents generated by AMPA and NMDA receptors in response to rapidly applied pulses of ligand have onset and decay kinetics similar to synaptic currents mediated by these receptors (Trussell and Fischbach, 1989; Lester et al., 1990; Clements et al., 1992; Colquhoun et al., 1992; Dudel et al., 1992; Hestrin, 1992) . For GABA A receptors, however, responses of receptors in excised patches to brief (ϳ2 msec), exogenous GABA applications typically decay more slowly than GABA A receptor-mediated synaptic currents (Galarreta and Hestrin, 1997; Jones and Westbrook, 1997; Mellor and Randall, 1997; Mozrzymas et al., 1999; Perrais and Ropert, 1999) . Although patch currents, or "simulated IPSCs", are often described as being similar to synaptic GABA currents, the decay time constants of patch responses exceeded those of synaptic responses in these studies by 70 to Ͼ400%. This discrepancy is comparable to the effects of benzodiazepines and general anesthetics on GABA A receptormediated IPSCs (Vicini et al., 1986; Tanelian et al., 1993) , and thus may have significant functional consequences.
This discrepancy in kinetics could arise because excised receptors differ in some way from synaptic receptors or because the transmitter application differs from the synaptic transient. How might excised receptors differ from synaptic receptors? Synaptic receptors are regulated by cytoskeletal elements (Rosenmund and Westbrook, 1993) and phosphorylation systems (Jones and Westbrook, 1997) . It is possible that the process of patch excision disrupts such interactions to alter the intrinsic kinetics of the receptors. Alternatively, excised patches may contain primarily extrasynaptic receptors with different kinetic properties (Tia et al., 1996a) , possibly because of differences in subunit composition between extrasynaptic and synaptic receptors (Nusser et al., 1998; Brickley et al., 1999) . Differences attributable to agonist application include time course and concentration, the identity of the transmitter itself, the presence of synaptically released cofactors, or the presence of extracellular modulatory agents.
To investigate these issues, we have compared the responses of receptors in patches excised from the somata of CA1 pyramidal cells with spontaneous GABA A receptor-mediated IPSCs recorded in these cells. We found that under our experimental conditions, the deactivation kinetics of receptors in excised patches never matched the decay kinetics of fast IPSCs, regardless of the concentration or time course of transmitter, or the presence of cofactors such as H ϩ or Zn 2ϩ ions. Rather, our data suggest that excised receptors represent primarily extrasynaptic receptors and that these receptors have intrinsic kinetics that differ substantially from those of synaptic receptors.
MATERIALS AND METHODS
Slice preparation. Young rats (8 to 24-d-old) were decapitated under halothane anesthesia, and the head was immediately immersed in cold (4°C) artificial C SF (AC SF) (in mM: NaC l 127, K H 2 PO 4 1.21, KC l 1.87, NaHC O 3 26, CaCl 2 2.17, MgSO 4 1.44, and glucose 10) saturated with 95% O 2 and 5% C O 2 . A block of tissue containing both hippocampi was dissected out with the brain immersed in AC SF, and the tissue was glued to a vibratome tray with cyanoacrylate glue. Slices (400 M) were cut and then held submerged at 35°C for 1 hr before transfer to the recording chamber, which was perf used at 3 ml /min with AC SF saturated with 95% O 2 and 5%C O 2 at 24°C.
Patch-clamp electrophysiolog y. C ells in stratum pyramidale of CA1 were visualized using a video camera (Hamamatsu C2400; Hamamatsu, Tokyo, Japan) connected to an upright microscope (Axioskop; C arl Z eiss, Thornwood, N Y) equipped with an infrared bandpass filter (model D775/220; Chroma Technology, Brattleboro, V T), a long workingdistance water-immersion objective (Achroplan 40ϫ; 0.75 numerical aperture; C arl Z eiss) and differential interference contrast optics. Whole-cell recordings were obtained at room temperature (24°C), using an Axopatch 1D (Axon Instruments, Foster C ity, CA) patch-clamp amplifier. All data were recorded using pC lamp software (Axon Instruments). Data were filtered at 5 kHz, then sampled at 10 -20 kHz (Digidata 1200; Axon Instruments) and stored on a Pentium-based personal computer (PC). Patch pipettes were fabricated from borosilicate glass (1.7 mm outer diameter, 1.1 mm inner diameter; KG-33; Garner Glass, C laremont, CA) using a two-stage puller (Flaming-Brown model P-87; Sutter Instruments, Novato, CA), fire-polished and coated with Sylgard (Dow-Corning Company, Midland, M I) to reduce electrode capacitance. Tight-seal whole-cell recordings were obtained using standard techniques (Hamill et al., 1981; Edwards et al., 1989) . Patch pipettes had open-tip resistances of 2-4 M⍀ when filled with the recording solution (in mM: C sC l 140, Na-H EPES 10, BAP TA 10, MgATP 2, and QX-314 5, pH 7.3). Access resistances were typically 10 -20 M⍀ and were then compensated at 60 -80%. All data were recorded at a holding potential of Ϫ60 mV. GABA A I PSC s were isolated by bath application of 20 M C NQX and 40 M D,L-APV to block AM PA-and NMDA-mediated currents and by the inclusion of C sC l and QX-314 in the patch pipette to block GABA Bmediated currents. The remaining currents were completely blocked by bath application of 10 M bicuculline (data not shown). Miniature, i.e., action potential-independent, spontaneous I PSC s were recorded in the presence of 1 M tetrodotoxin (TTX).
APV, C NQX, TTX, and bicuculline were prepared at 50 -100ϫ stock solutions in 0.9% saline and applied using syringe pumps (model 55-1111; Harvard Apparatus, Natick, M A) set to flow at 1-2% of the AC SF flow rate to achieve the desired bath concentrations.
Rapid agonist application. E xcised or nucleated (Sather et al., 1992 ) outside-out patches were obtained from the somata of CA1 pyramidal cells and exposed to ligand using a rapid application system consisting of a two-barrel "theta" application pipette (fashioned from Thin Theta; Sutter Instruments) connected to a piezoelectric stacked translator (model P-245.50; Physik Instrumente, Costa Mesa, CA). Using gravity feed, solutions flowing through the application pipette could be exchanged in approximately 10 seconds via a series of low-volume, zero unswept volume, manually controlled Teflon valves (model 1126; Omnifit Limited, C ambridge, UK). The flow rate out of the tip of the theta pipette was 4.8 l /sec out of a barrel with a diameter of 300 m, giving a forward velocity of ϳ70 m /msec. The voltage input to the high-voltage amplifier (model P-270; Physik Instrumente) used to drive the stacked translator was filtered (300 Hz) using an 8-pole Bessel filter (model 902L PF; Frequency Devices, Haverhill, M A) to reduce oscillations arising from rapid acceleration of the pipette.
Solution exchange rates (10 -90% in 500 sec) were estimated by measuring open tip junction currents with dilute perf usion solution at the conclusion of each experiment. The duration of the agonist pulse was defined by measuring the time between the points at 10% of peak amplitude of the junction current. Previous studies have demonstrated that this estimate is adequate for excised patches (Trussell and Fischbach, 1989) . However, because of the large amount of membrane at the tip of the pipette, the exchange time around a nucleated patch is likely to be substantially slower than indicated by the open tip exchange time. We tested the solution exchange time directly by activating voltage-gated K currents in the nucleated patches and altering [K ϩ ] during the voltage step. Using this technique, we found that the solution exchange proceeded monoexponentially with E xchange ϭ 1.7 Ϯ 0.2 msec (n ϭ 4; in these patches, the open tip exchange time constant was 0.2 Ϯ 0.1 msec). This exchange rate is f urther corroborated by experiments using the low-affinity agonist taurine, which unbinds rapidly from the GABA A receptor (Z hu and Vicini, 1997), similar to ␤-alanine (Jones et al., 1998) .
We found that brief pulses of 20 mM taurine elicited currents that deactivated monoexponentially, with Decay ϭ 1.8 Ϯ 0.1 msec (n ϭ 19), similar to E xchange measured using K currents. Finally, the similarity in decay kinetics between nucleated patches and excised patches (Fig. 1) , which are likely to have much faster exchange times, suggests that the deactivation kinetics were not grossly distorted by slow exchange in nucleated patches. Access resistance and capacitance of nucleated patches were measured using the amplifier circuitry. Series resistance was compensated 80 -90%, yielding errors in V Hold caused by uncompensated series resistance of 4.4 Ϯ 0.6 mV.
Sniffer patch e xperiments. To expose excised receptors to synaptically released GABA, "sniffer patches" (Isaacson et al., 1993) were formed by excising an outside-out patch from the soma of a CA1 pyramidal cell and then reinserting the patch back in the slice. Synaptic responses in sniffer patches were elicited under identical conditions as for whole-cell synaptic responses, i.e., in the presence of C NQX and APV, and the magnitudes of the electrical stimuli applied (typically ϳ10 A) were the same as in whole-cell before patch excision. For each patch, the position at which responses with the most rapid rise times were measured was assumed to be the closest to synaptic release sites, and the data at this position was averaged to yield rise times, decay times, and peak amplitude for that patch.
Surface area measurements. The somatic surface area was measured in two ways. In the first method, direct anatomical measurements were made of the width and length of the somata of pyramidal cells in our slices from video photomicrographs taken of cells in slices before patch- Biexponential fit parameters were Dec1,2 ϭ 32.9 (50%) and 112.7 msec. Triexponential fit parameters were Dec1,2,3 ϭ 9.88 (17%), 56.7 (59%), and 145.2 msec.
ing. For the length measurements, the transition from soma to apical dendrite was defined as the point at which process diameter was one-half maximal somatic diameter. In 27 cells, the length and width were 20.0 Ϯ 0.3 and 10.0 Ϯ 0.5 m, respectively. Somatic surface area was then estimated by assuming that the soma was a prolate spheroid, yielding an average surface area of 520 Ϯ 16 m 2 . In the second method, the fast component of the capacitative transient was assumed to originate from purely somatic capacitance (Jackson, 1992) . In 34 cells, this component of the capacitance averaged 11.6 Ϯ 0.8 pF. Assuming a specific membrane capacitance of 10 Ϫ2 pF/m 2 (Jack et al., 1983) , these measurements yield a somatic surface area of 1160 Ϯ 80 m 2 . The discrepancy between these two values could arise because of assumptions about the exact shape of the soma, contributions of proximal dendrites to the fast capacitative transient, and small deviations in specific capacitance. We chose to use the lower estimate of 520 m 2 in our calculations so that we would give conservative estimates of the contribution of extrasynaptic receptors to patch responses.
Nucleated patches invariably appeared spherical and typically had diameters of 5-10 m, yielding surface areas of ϳ80 to 320 m 2 . In these patches, capacitative transients consisted of a single exponential component, with capacitance values of 1.9 Ϯ 0.1 pF. Assuming a specific capacitance of 10 Ϫ2 pF/m 2 , these values correspond to patch surface areas of 190 Ϯ 10 m 2 , consistent with direct anatomical observations. Thus, the ratio of surface area in a nucleated patch to that of the intact soma was 190/520 ϭ 0.36.
Data anal ysis. Data were analyzed on a Pentium-based PC using C lampFit (Axon Instruments), Origin (MicroC al, Northampton, M A) and StatMost (DataMost, Salt Lake C ity, UT). Data were filtered off-line at 2 kHz. Spontaneous events were analyzed using an automated event detection algorithm (Banks and Pearce, 1999) . In this algorithm, two windows were moved along the data, a "peak" window and a "baseline" window. At each time point, the data within the two windows was averaged, and the baseline was subtracted from the peak. This yielded a "pseudodifferentiated" form of the data that was characterized by large, rapid peaks at the onset of fast GABA A I PSC s. Threshold-level crossings were determined from this pseudodifferentiated data, with threshold set as 3* Noise , where Noise was measured during periods of no visually detectable events, and was typically 2-4 pA. Because the baseline value was constantly updated during the analysis, slow changes in baseline had no effect on the accuracy of the algorithm. Analysis was confined to GABA A,fast I PSC s, which were identified based on rise times of Ͻ2 msec (Banks et al., 1998) . The algorithm successf ully detected Ͼ99% of spontaneous I PSC s (sI PSC s) and miniature I PSC s (mI PSC s) with these fast rise times.
To analyze the decay kinetics of fast I PSC s, a subset of events was selected for exponential curve fitting as well. Events were selected only if no other event occurred within 250 msec of the peak. The decay kinetics of patch responses and synaptic currents was characterized by multiexponential fit parameters. For all responses to 10 and 30 M GABA, which were obtained from nucleated patches, a three exponential fit was clearly superior to two exponentials by visual inspection. For responses to 1 mM GABA, for 22 of 25 nucleated patches, a three exponential fit was clearly superior to two exponentials ( Fig. 1) , and for the remaining three patches the fast decay component was absent. In 18 of 27 excised patch responses to 1 mM GABA, the decays were best fit by three decay components. In four of the remaining nine patches, the fast decay component was absent, whereas in the other five patches the slow component was absent. To facilitate comparisons between data with disparate numbers of decay components, we used the weighted time constant Decay ϭ ⌺A i i /⌺A i , where A i is the amplitude of the i th component. Statistical comparisons of decay times and peak amplitudes were made using paired or unpaired Student's t tests, as indicated. All data are presented as mean Ϯ SE.
RESULTS

Kinetic differences between patch responses and IPSCs
The synaptic transmitter transient at GABAergic synapses is believed to consist of a brief, high-concentration component, possibly followed by an extended, low-concentration tail Westbrook, 1995, 1996; Hill et al., 1998) . As an approximation to this transient, we tested the responses of GABA A receptors in excised and nucleated outside-out patches to brief (0.5-4 msec) square pulses of 1 or 10 mM GABA. In both excised and nucleated patches, currents in response to applications of 1 mM GABA had rapid rates of rise (t 10 -90% ϭ 1.2 Ϯ 0.1 msec) and had decay phases that were typically best described by three exponential components (Fig. 1 , Table 1 ). Weighted time constants ( Decay ) of the responses of excised and nucleated patches to 1 mM GABA were indistinguishable (Student's t test; p Ͼ 0.3), and were grouped for subsequent analyses. Decay kinetics of responses to 1 versus 10 mM GABA were also not significantly different (1 mM: Decay ϭ 63.9 Ϯ 2.6 msec, n ϭ 52; 10 mM: 66.6 Ϯ 6.3 msec, n ϭ 14; p Ͼ 0.3, Student's t test).
These "simulated IPSCs" had substantially different time courses from whole-cell spontaneous IPSCs. Rise times of IPSCs (0.9 Ϯ 0.1 msec) were shorter than those of patch responses ( p Ͻ 10 Ϫ5 ; Student's t test). Decays of IPSCs were typically best described by a sum of two exponential components (Table 1) , with rates comparable to the two fastest decay components in the patch responses (Fig. 2 A) . In 12 cells, we directly compared these rates by recording spontaneous IPSCs in the intact cell and rapid application responses after patch excision. Decay kinetics were approximately fourfold slower for patch responses than for whole-cell (WC) IPSCs in these cells (WC IPSC, Decay ϭ 17.9 Ϯ 1.1 msec; patch response: Decay ϭ 70.4 Ϯ 3.9 msec; p Ͻ 10 Ϫ7 , paired Student's t test) (Fig. 2 B) . The fastest decay component ( Dec,1 ϳ 10 msec) was not significantly different between wholecell and patch responses ( p Ͼ 0.5; paired Student's t test), whereas the amplitude of this component and the rate and amplitude of the second component were significantly different ( p Ͻ 0.01). We will present evidence below that the rapid decay component of the patch responses likely represents the contribution of synaptic receptors to this response, whereas the second decay component of the patch responses represents the comingling of fast synaptic and slow extrasynaptic receptors. Contrary to the population as a whole, rise times in these twelve cells were not significantly different for synaptic versus patch responses (WC, 0.9 Ϯ 0.1 msec; patch, 1.1 Ϯ 0.1 msec; p Ͼ 0.2).
Possible reasons for the observed difference in kinetics fall into two general categories: (1) factors external to the patch, such as the transmitter transient and extracellular modulatory agents, and (2) factors intrinsic to the patch, such as the isomerization kinetics of the receptors. 
Influence of transmitter concentration and time course on decay
The deactivation of GABA A receptors after brief exposure to ligand is a complex process involving entry and exit from open, bound, and desensitized states of both singly and doubly liganded receptors (Jones and Westbrook, 1995) . The rates of transitions between these states, together with the duration and peak concentration of the transmitter transient, determine to what extent each of these states is visited during, and after, ligand exposure. Monoliganded receptors generate much briefer and less frequent openings than doubly liganded receptors, presumably because of slow entry into and rapid exit from the monoliganded open state (Macdonald et al., 1989) . Thus, brief transients and/or low agonist concentrations may result in smaller responses and more rapid return of receptors to their resting state after agonist exposure if the binding rate is slow enough to produce a high percentage of monoliganded receptors compared to doubly liganded receptors. This may be relevant to synaptic GABA A responses, because some studies have shown that IPSCs are generated by subsaturating transmitter transients (Frerking et al., 1995; Nusser et al., 1997) .
We saw no correlation between decay time course and pulse duration for pulses between 0.6 and 3.7 msec (r ϭ 0.08; p Ͼ 0.6) (Fig. 3A) , indicating that for 1 mM GABA, the binding rate remains large compared to even the briefest pulses that we delivered, so that doubly liganded receptor responses must still Normalized average spontaneous IPSC and rapid application response to 1 mM GABA in an excised patch recorded from the same cell before and after patch excision. For the IPSC, biexponential fit parameters were Dec1,2 ϭ 13.1 (68%) and 41.4 msec; monoexponential fit parameter was Dec ϭ 22.0 msec. For the patch response, triexponential fit parameters were Dec1,2,3 ϭ 11.6 (30%), 69.3 (55%), and 244 msec. Top trace shows the open-tip junction current recorded immediately after terminating the recording. B, Decay kinetics of rapid application responses plotted versus decay kinetics of IPSCs recorded in the same cells before patch formation. Dotted line has unity slope. In these 12 cells, fit parameters for the whole-cell IPSCs were Dec1,2 ϭ 11.7 Ϯ 1 (63 Ϯ 1%) and 31.6 Ϯ 2.6 msec. Fit parameters for the rapid application responses were Dec1,2,3 ϭ 9.7 Ϯ 1.6 (16 Ϯ 3%), 54.9 Ϯ 2.8 (63 Ϯ 4%), and 168 Ϯ 11 msec. dominate the decay. This is consistent with estimates of the binding rate of GABA to the GABA A receptor of 5.38 mM Ϫ1 msec Ϫ1 (Jones et al., 1998) , which yields a binding time constant of 186 sec for 1 mM GABA. Although we were unable to reliably deliver pulses briefer than several hundred microseconds, we could equivalently test the decay kinetics of monoliganded receptors by using 2 msec pulses of 10 M GABA. At this concentration, the pulse duration is approximately nine times briefer than the binding time constant and three times briefer than the unbinding time constant, and thus the vast majority of bound receptors will be monoliganded. Responses of nucleated patches to 2 msec pulses of 10 M GABA had amplitudes that were 4.2% of the responses to 1 mM GABA (10 M: 287 Ϯ 97 pA, n ϭ 6; 1 mM: 6850 Ϯ 532 pA, n ϭ 25). These responses decayed more rapidly than responses to 1 mM GABA (Fig. 3B, Table 1 ), primarily because of a prominent, rapid initial decay phase. However, this initial decay component was approximately twice as fast as the initial IPSC decay component, and these responses were still substantially slower than the decays of IPSCs ( p Ͻ 0.005) because of a prolonged tail with time constant Ͼ100 msec. Responses to 2 msec pulses of 30 M GABA had amplitudes that were 10.7% of the response to 1 mM GABA (731 Ϯ 267 pA; n ϭ 4) and intermediate decay kinetics (Table 1) . These results indicate that differences between synaptic and exogenous transmitter transients in time course and concentration are unable to account for the observed differences in Decay .
Effects of Zn
2؉ , pH, and pre-equilibration with GABA on patch deactivation kinetics
The deactivation time course of synaptic GABA A receptors could also be affected by cofactors released with GABA or continuously present in the extracellular milieu. Both Zn 2ϩ and H ϩ ions have been shown to modulate the amplitude and kinetics of GABA A receptor-mediated currents (Westbrook and Mayer, 1987; Krishek et al., 1996; Berger et al., 1998; Gingrich and Burkat, 1998) . If these cofactors are released with GABA at the synaptic cleft (Assaf and Chung, 1984; Miesenbock et al., 1998) , it is possible that they could contribute to the rapid decay kinetics of synaptic responses. We tested this hypothesis by coapplying either H ϩ (1 M, i.e., 16-fold higher concentration than control) or Zn 2ϩ (300 M) with 1 mM GABA to outside-out patches. (By "coapplication", we mean that the cofactors were present only when GABA was present.) Raising [H ϩ ] to 1 M resulted in only a small (ϳ11%) decrease in Decay and an increase in peak amplitude by ϳ12% (n ϭ 3; p Ͻ 0.05, paired Student's t test). Coapplication of Zn 2ϩ had no effect on either deactivation kinetics or peak amplitude (n ϭ 3; p Ͼ 0.5; Student's t test), suggesting that corelease of Zn 2ϩ or H ϩ is unlikely to explain the approximately threefold difference in decay kinetics between patch and synaptic responses. We also continuously bathed outside-out patches in 10 M Zn 2ϩ to assess the effect of low levels of extracellular Zn 2ϩ on receptor kinetics. In two patches, Decay was reduced by 20 and 30%, less than the 70% reduction required to explain the kinetic difference between synaptic and rapid application responses. Peak amplitudes were reduced by 15 and 25%, respectively, in these two patches.
The time course of relaxation of the receptor population back to its resting state after exposure to ligand will depend in part on the distribution of receptors in the available states immediately before the agonist pulse. GABA is present in the extracellular space of the hippocampus at submicromolar concentrations (Lerma et al., 1986; Tossman et al., 1986 ) and, thus, some receptors will be bound by GABA at any given moment in time. We tested the effects of pre-equilibration of synaptic receptors with micromolar levels of GABA by exposing excised and nucleated receptors to low concentrations of GABA for several seconds to several minutes before applying 1 mM GABA for 2 msec. GABA applied at a concentration of 1 M had no measurable effect on Decay of the brief pulse responses (n ϭ 3; p Ͼ 0.4; paired Student's t test), although it did reduce slightly the amplitude of the response by Ͻ10%. Thus, pre-equilibration cannot account for the difference between patch and synaptic responses.
Responses of excised patches to synaptically released transmitter
Although none of the presynaptic or extracellular factors that we tested caused the decay times of brief-pulse rapid application responses to be comparable to IPSCs, it is possible that some other untested modulator, cofactor, or transmitter is present in the slice. To test the responses of excised receptors in their native environment, we exposed excised patches to synaptically released transmitter, with any attendant cofactors and extracellular modulatory agents, by reinserting the excised patch back into stratum pyramidale to act as a sniffer patch (Isaacson et al., 1993) and electrically evoking synaptic release in the presence of CNQX and APV. We then compared these responses with whole-cell evoked synaptic responses recorded immediately before patch excision and to rapid application responses in other patches.
Sniffer patch responses evoked by stimuli in stratum pyramidale were variable in amplitude and time course (Fig. 4) . When patches were held above the slice, out of the tissue, no response could be measured (Fig. 4 A) . When inserted into the slice, response amplitude was a sensitive function of position, presumably reflecting variable proximity to release sites. Small amplitude responses typically had slower rise times and longer latencies (Fig. 4 A) , consistent with diffusion of GABA from a remote release site to the sniffer patch. Small changes in the position of the sniffer patch could result in much larger amplitude responses with faster rise times (Fig. 4 A-C) . Unlike the effect on rise time and amplitude, proximity to the release site had little impact on current decay (Fig. 4 B) , suggesting that details of the time course or peak concentration of the transmitter transient were not the primary factors in determining decay kinetics.
In four cases, we were able to position the sniffer patches close enough to the presynaptic terminals to generate responses with rise times Ͻ2 msec (1.6 Ϯ 0.1 msec), i.e., within the range of the rapid application responses observed with other patches (Fig. 5) . These rapid rise times most likely reflect the brief duration of the transmitter transient eliciting the sniffer patch response. The amplitudes of these responses averaged Ͼ250 pA (range, 48.1-695 pA). Decay times of these sniffer patch responses were significantly slower than those of IPSC decays (67.0 Ϯ 2.7 vs 19.4 Ϯ 1.3 msec; p Ͻ 10 Ϫ3 , paired Student's t test), but were not significantly different from rapid application responses of excised receptors to brief pulses of GABA ( p Ͼ 0.4; Fig. 5A,B) .
Although the rapid rise times of these sniffer patch responses are indicative that they were exposed to a brief, high concentration pulse of transmitter, we considered the possibility that the prolonged decay of the response is attributable to the extended presence of a low concentration of transmitter in the extrasynaptic space and that the rapid decay kinetics of IPSCs represents the intrinsic deactivation kinetics of the receptors in the absence of a prolonged, low-concentration GABA "tail". In this case, the farther the sniffer patch is from the synaptic cleft, the slower its decay kinetics should be. However, when the data from sniffer patch responses with rapid rise times were compared with those from slowly rising responses (range, 3.9 -9.9 msec), we found no correlation between rise time and decay time, even though the proximity to the release site (and thus the transmitter transient) was undoubtedly quite variable between patches (Fig. 5C) . Thus, the sniffer patch data indicate that the slow decay rate of patch responses is governed primarily by the intrinsic properties of the receptors in the patch, rather than presynaptic or extracellular factors such as the time course of the transmitter transient, the presence of cotransmitters, or of modulatory factors.
Properties of IPSCs recorded in nucleated patches
There are two scenarios in which postsynaptic factors could explain the kinetic differences between IPSCs and patch responses: (1) the receptors mediating patch responses to exogenous GABA pulses are synaptic receptors whose properties have been altered following patch excision; (2) synaptic receptors compose only a subset of the receptors that mediate patch responses, with the remainder comprised of extrasynaptic receptors with slower kinetics. Although it might seem likely that the process of excising GABA A receptors from their native environment might itself alter their kinetic properties, this did not appear to be the case. We observed that after forming nucleated patches and lifting them 2-3 mm above the slice, spontaneous IPSCs could still be recorded in ϳ20% of the patches (Fig. 6 A,B) . These events most likely arose from spontaneous release of transmitter from synaptic terminals that remained anchored to the postsynaptic membrane. These "nucleated patch IPSCs" had kinetics that were similar to IPSCs recorded in the intact cells [patch: t 10 -90% ϭ 0.8 Ϯ 0.1 msec, Dec1,2 ϭ 10.3 Ϯ 1.3 (60 Ϯ 10%) and 36.6 Ϯ 2.9 msec; whole-cell: t 10 -90% ϭ 0.9 Ϯ 0.1 msec, Dec1,2 ϭ 11.9 Ϯ 0.8 (70 Ϯ 10%) and 30.6 Ϯ 2.2 msec; p Ͼ 0.1 for all fit parameters by paired Student's t test] (Fig. 6C,D, Table 2 ), suggesting that the process of establishing a nucleated patch does not alter the determinants of deactivation kinetics of synaptic receptors. The amplitudes of nucleated patch IPSCs were also similar to the amplitudes of spontaneous IPSCs recorded in intact cells (whole-cell, 71.7 Ϯ 15.2 pA; patch, 71.1 Ϯ 29.2 pA; n ϭ 10 cells; p Ͼ 0.9, paired Student's t test), providing evidence that the peak open probability of synaptic receptors is also not altered by patch excision. In four cells, sufficient numbers of spontaneous IPSCs were recorded in nucleated patches to analyze the variability of IPSC amplitude and Decay (Fig. 6 E,F, Table 2 ). There were no consistent differences in the coefficient of variation of amplitudes or the SD of Decay , indicating that nucleated patch IPSCs do not consist of responses of a mixed population of damaged and undamaged postsynaptic receptors.
Coexistence of two receptor classes in nucleated patches
Although nucleated patch IPSCs show that the kinetics of synaptic receptors are not altered by patch excision, we sought direct evidence that two kinetic classes of GABA A receptors coexist in the same nucleated patch by subsequently exposing these same nucleated patches to exogenous GABA pulses. Rapid application responses were markedly prolonged relative to nucleated patch IPSCs [nucleated patch IPSC: Dec ϭ 15.2 Ϯ 2.5 msec; rapid application response (1 mM, 2 msec GABA): Dec ϭ 76.6 Ϯ 10.3 msec; n ϭ 4 patches; p Ͻ 0.005 paired Student's t test] (Fig. 7A ). These results demonstrate directly the presence of two kinetic classes of receptors in these patches.
The similarity between whole-cell and nucleated sIPSCs (Fig.  6) demonstrates that the kinetic properties of synaptic receptors are unchanged in patches. It follows then that a large proportion of receptors mediating responses to exogenous GABA pulses must arise from receptors whose kinetics are slow relative to synaptic receptors (i.e., extrasynaptic), and that the amplitude of responses to exogenous GABA pulses should exceed the amplitude that would be generated by synaptic receptors alone. To determine whether this is the case, we compared the responses of nucleated patches to exogenously applied GABA with the amplitude that would be expected if these responses were mediated only by synaptic receptors. We used miniature (action-potential independent) IPSC (mIPSC) amplitude as a measure of the response amplitude at a single synapse and found that mIPSC amplitudes averaged 39.1 Ϯ 2.0 pA at Ϫ60 mV (n ϭ 32 cells). By multiplying by the density of inhibitory synapses on the somata of CA1 pyramidal cells (0.2 Ϯ 0.02 synapses/m 2 ; n ϭ 5 cells; M. Megías, Z. Emri, T. F. Freund, and A. I. Gulyás, personal communication), by the somatic surface area (520 m 2 ; see Materials and Methods), and by the ratio of surface area in the nucleated patch to that in the intact soma (0.36; see Materials and Methods), the maximal response amplitude of synaptic receptors can then be calculated to be 1464 pA if saturation of synaptic receptors is achieved. This response amplitude is indeed smaller than what we observed in response to 1 mM GABA (6850 pA).
Differences in calcium modulation between synaptic and extrasynaptic receptors
In addition to differences in deactivation kinetics, we found that synaptic and extrasynaptic receptors also differ in their modulation by elevated cytoplasmic levels of calcium. The pipette solution used for all of the experiments described above contained 10 mM BAPTA. Using a calcium-sensitive electrode, we measured the free calcium concentration in this pipette solution to be ϳ20 nM. When BAPTA was omitted from the pipette solution, free calcium levels were Ͼ2 M with 0 added calcium, presumably because of contaminants present in other salts. Elevated calcium levels significantly decreased the decay times of rapid application responses ( Decay ϭ 27.7 Ϯ 3.8 msec; n ϭ 11) (Fig. 7) when compared with 10 mM BAPTA responses ( p Ͻ 10 Ϫ6 , Student's t test). These data demonstrate that it is possible to record rapid responses to GABA in outside-out patches and thus that the slow decay kinetics of rapid application responses under control conditions is not the result of some unidentified artifact of the technique.
In three patches recorded with 0 BAPTA, patch IPSCs could also be observed. In contrast to the rapid application responses of these patches, the decay times of these synaptic responses (24.3 Ϯ 3.5 msec) appeared to be unaffected by elevated calcium, because they were not significantly different from patch IPSCs recorded in the presence of 10 mM BAPTA ( p Ͼ 0.4; Student's t test) (Fig.  7B,C) . The selective modulation of patch responses to exogenous transmitter application by elevated cytoplasmic calcium is further evidence that the sets of receptors that mediate synaptic responses and rapid application responses are not the same and is consistent with the hypothesis that rapid application responses are dominated by extrasynaptic receptors. This selective modu- lation may also be a manifestation of the regulatory mechanism that is the basis of the difference in receptor kinetics in the intact cells.
DISCUSSION
The main findings of this study are that neither presynaptic factors (transmitter transient, the presence of extracellular modulatory agents), nor alteration of receptors by patch excision can account for kinetic differences between synaptic and excised patch responses. We conclude that extrasynaptic receptors dominate patch responses and that these receptors have slower intrinsic kinetics than synaptic receptors.
Sniffer patch responses
To assess whether an untested cotransmitter or extracellular modulator underlies the rapid decays of IPSCs, we measured the responses of GABA A receptors in excised patches to synaptically released transmitter. Decay kinetics of these sniffer patch responses were similar to those in response to exogenous GABA pulses, indicating that the kinetic differences between IPSCs and exogenous application responses lie in the receptors themselves. One caveat to this conclusion is that low concentrations of lowaffinity agonists such as taurine or ␤-alanine, which produce rapid deactivation (Jones et al., 1998) , may be difficult to detect with Table 2 . B, sIPSCs recorded from a nucleated patch after removal from the slice. Traces are not consecutive and represent all of the spontaneous events recorded over an 80 sec period. C, Normalized averaged sIPSCs from the cell in A and B. Biexponential fits were: whole-cell, Dec1,2 ϭ 9.9 (47%) and 27.8 msec; patch, Dec1,2 ϭ 6.1 sniffer patches outside the synaptic cleft. However, for a lowaffinity cotransmitter to produce rapidly decaying IPSCs, it would have to prevent nearly all synaptic receptors from binding two GABA molecules, as we have shown that receptors fully liganded by GABA have slow deactivation kinetics. Because a low-affinity agonist such as ␤-alanine has a binding rate that is Ͼ200-fold slower than GABA (Jones et al., 1998) , in this scenario it would have to be present at Ͼ1000-fold higher concentration than GABA. The possibility that a cotransmitter would be released at such high concentrations and would remain undetected by the sniffer patches is remote.
Kinetics of synaptic versus extrasynaptic receptors
One explanation for kinetic differences between synaptic and extrasynaptic receptors is subunit composition (Verdoorn, 1994; Gingrich et al., 1995; Tia et al., 1996b; McClellan and Twyman, 1999) . Extrasynaptic receptors in immature cerebellar granule cells are composed solely of ␣ and ␤ subunits, whereas the composition of synaptic receptors is ␣␤␥ (Brickley et al., 1999) . Consistent with this, ␥ subunits are required for clustering at synapses, and receptors composed exclusively of ␣ and ␤ subunits are diffusely distributed in the plasma membrane (Essrich et al., 1998) . It may be possible that the subunit compositions of synaptic versus extrasynaptic receptors are similarly distinguished in hippocampus. However, the presence or absence of ␥ 2 subunits in ␣ 1 ␤ 2 -and ␣ 6 ␤ 2 -containing receptors has little effect on deactivation kinetics (Tia et al., 1996b) , and so differences in ␣ or ␤ subunits may better explain the slower kinetics of extrasynaptic receptors. For example, in human embryonic kidney cells expressing ␣ x ␤ 1 ␥ 2 receptors, substituting ␣ 2 -for ␣ 1 -containing receptors changes the Decay of patch responses from 18 to 50 -80 msec (McClellan and Twyman, 1999) , similar to difference between IPSCs and rapid application responses in our data. An alternative possibility is that synaptic and extrasynaptic receptors are regulated differently by second messenger systems, as suggested by our results with 0 BAPTA. Elevated [Ca] i modulates affinity and kinetics of GABA A receptors (Inoue et al., 1986; Chen et al., 1990; Martina et al., 1994; Stelzer and Shi, 1994; Mozrzymas and Cherubini, 1998) , often by activation of kinases or phosphatases. In cultured hippocampal neurons, Decay of synaptic and exogenous GABA responses is regulated by the calcium-dependent phosphatase calcineurin and by unknown kinases (Jones and Westbrook, 1997) . In these cells, maximally phosphorylated GABA A receptors produced responses that were approximately twice as fast as under control conditions, although IPSCs were still much slower than in hippocampal slices. Despite these quantitative differences, this suggests that in our experiments synaptic receptors may be more fully phosphorylated than extrasynaptic receptors. In this scenario, elevated [Ca] in nucleated patches from slices may activate calcium-dependent kinases that phosphorylate extrasynaptic receptors but have no effect on synaptic receptors because they are already maximally phosphorylated. This suggestion is consistent with a recent study that found that activation of kinases had little effect on the overall decay kinetics of IPSCs in CA1 pyramidal cells (Poisbeau et al., 1999) .
Relative density of synaptic versus extrasynaptic receptors
We calculated that synaptic receptors contributed ϳ25% of the rapid application response, assuming that synaptic receptors are saturated. Their contribution will be higher, however, if the peak cleft concentration is lower. We know from the sniffer patch data that the concentration is at least high enough to generate ϳ45% of the response to 1 mM GABA. (Note that this comparison is between different groups of patches, albeit pulled with the same size pipettes and same technique. Sniffer patches were not calibrated using rapid application of GABA.) If the peak transmitter concentration in the cleft is this low, the contribution of synaptic receptors in nucleated patches to 1 mM GABA may be as high as 3250 pA. Assuming that peak open probability and single-channel conductance of synaptic and extrasynaptic receptors are the same, synaptic receptors account for 21-47% of the patch response (i.e., 1464 -3250 of 6850 pA).
We can corroborate this estimate using the deactivation kinetics of patch responses. The triphasic responses of excised and nucleated patches to exogenous GABA pulses most likely reflect the commingling of synaptic receptors (with time constants of ϳ10 and 30 msec) with slower extrasynaptic receptors. The fastest decay component (ϳ14 msec) in patch responses accounted for 25% of the total response amplitude. If this component represents only synaptic receptors, then their maximum contribution to the patch response can be calculated by dividing this amplitude by the amplitude of the fast decay component in IPSCs. This estimate indicates that Ͼ60% of the patch response is generated by extrasynaptic receptors, within the range calculated above. The calculated percentages of synaptic versus extrasynaptic receptor contributions will only translate into relative numbers of receptors if peak open probabilities and the single-channel conductances of the two receptor populations are the same.
Although extrasynaptic GABA A receptors have been observed previously using immunocytochemical techniques (Richards et al., 1987; Houser et al., 1988; Fritschy et al., 1994; Nusser et al., 1998) , quantitative measurements of relative densities of synaptic versus extrasynaptic receptors have not been made in CA1. In cerebellar granule cells, extrasynaptic receptors occur at much lower density than synaptic receptors (Nusser et al., 1995) . In cultured hippocampal neurons, however, only half of GABA A Shown is the mean amplitude and its coefficient of variation, the mean Decay and its SD, and the mean 10 -90% rise time for spontaneous IPSCs in four cells before and after the formation of a nucleated patch and its removal from the slice. n is the number of IPSCs.
receptor clusters were apposed by presynaptic specializations, the remaining 50% presumably corresponding to clustered extrasynaptic receptors (Kannenberg et al., 1999) . The observation that extrasynaptic receptors may outnumber synaptic receptors in patches is still consistent with enrichment of receptors at synaptic junctions. These areas of high receptor density likely represent Ͻ0.2 m 2 /synapse (Harris et al., 1985; Halasy and Somogyi, 1993) or Ͻ25 m 2 for all of the synapses on the cell body, corresponding to Ͻ5% of the total amount of membrane. Thus, there is at least 5-to 10-fold enrichment of receptors in the synaptic zone.
Kinetic classes of IPSCs in CA1
In CA1 pyramidal neurons, two distinct IPSCs are observed (Pearce, 1993; Banks et al., 1998) . GABA A,fast is the rapidly decaying, somatic IPSC measured in this study, whereas GABA A,slow is mediated by dendritic synapses and has decay kinetics several fold slower than GABA A,fast. Although the basis for this difference in kinetics is unclear, the different pharmacological properties of these two IPSCs suggests that the receptors mediating GABA A,fast and GABA A,slow are distinct (Banks et al., 1998) . The observation that two kinetic classes of GABA A receptors exist in these cells raises the possibility that GABA A,slow IPSCs are mediated by the same type of receptors that are extrasynaptic at the soma. It may be that proteins responsible for clustering these receptors are targeted only to dendritic regions and that these slow receptors are distributed diffusely in the somatic membrane, but are clustered in the dendritic membrane.
Functional significance of extrasynaptic receptors
One possible function of extrasynaptic receptors is that they set the resting conductance of the postsynaptic cell by way of tonic activation by ambient GABA or by GABA that spills over from the synaptic clefts of nearby terminals (Brickley et al., 1996; Hausser and Clark, 1997) . In cerebellar granule cells, extrasynaptic, ␦ subunit-containing receptors have a high affinity for GABA and do not desensitize, making them particularly wellsuited to this task Macdonald, 1994, 1996) . The relatively slow deactivation kinetics of extrasynaptic receptors in CA1 may similarly be a specialization appropriate for mediating tonic inhibition.
This role for extrasynaptic receptors would allow endogenous modulators of GABA A receptors and GABA uptake to regulate the excitability of the hippocampal network. In addition, some pharmacological agents may act via this mechanism. A number of general anesthetics are able to gate GABA A receptors directly (Yang et al., 1992; Belelli et al., 1997; Ueno et al., 1997) and may also increase the sensitivity of these receptors to ambient GABA (Banks and Pearce, 1999) . Thus, modulation of extrasynaptic receptors may mediate some of the behavioral effects of general anesthetics. The observation that the volatile anesthetic isoflurane has different effects on synaptic and rapid application responses (Banks et al., 1997) raises the possibility that general anesthetics may differentially target transient versus tonic inhibition, and this could contribute to the complexity of the behavioral effects of these agents. Selective modulation of rapid application responses by elevated calcium. A, Normalized whole-cell (smooth trace) and nucleated patch (noisy trace) sIPSCs and rapid application response of the nucleated patch to 1 mM, 2 msec pulse of GABA recorded with a pipette containing 10 mM BAPTA. All data were recorded from the same cell. Decay values were as follows: whole-cell IPSC, 16.8 msec; patch IPSC, 15.3 msec; rapid application response, 67.8 msec. B, Normalized nucleated patch IPSC and response in the same patch to a 1 mM, 2 msec GABA pulse recorded in a different patch from A with a pipette containing 0 BAPTA. Note that in 0 BAPTA, the rapid application response is faster than in control, but the IPSC decay is similar. Decay values were as follows: patch IPSC, 18.6 msec; rapid application response, 7.7 msec. C, Average weighted time constants of whole-cell and patch sIPSCs under control conditions and with 0 BAPTA, and rapid application responses to 1 mM, 2 msec GABA pulses under control conditions and with 0 BAPTA. There was no significant difference between Decay for the patch IPSC data (10 mM BAPTA vs 0 BAPTA: p Ͼ 0.4, Student's t test), but rapid application responses were significantly faster in the absence of BAPTA (*p Ͻ 10 Ϫ6 , Student's t test).
